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1 These authors contributed equally.The mechanism of monoglucosyldiacylglycerol (MGlcDG) increase following heat shock in Synecho-
cystis sp. PCC 6803 was examined by measuring MGlcDG synthase (Sll1377) activity. Temperature-
dependent activation of Sll1377 was observed in the membrane fraction of Synechocystis sp. PCC
6803, whereas the Sll1377 protein level remained unchanged, suggesting that the activity is post-
translationally regulated without covalent modiﬁcation of Sll1377 by soluble enzymes. Four individ-
ual mutations introduced into recombinant Sll1377 (D147, D200, R329, and R331) signiﬁcantly
reduced the activity and blocked temperature-dependent activation, suggesting that these amino
acid residues are essential for Sll1377 activity at both normal growth temperature and the higher
temperature.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In most eukaryotes and prokaryotes, phospholipids constitute
the main type of membrane lipid. However, in oxygen-evolving
photosynthetic organisms such as plant chloroplasts and cyano-
bacteria, galactolipid monogalactosyldiacylglycerol (MGDG) com-
prises over half of the photosynthetic membrane lipids [1–3].
MGDG plays an important role in the development of the photo-
synthetic membrane structure and the function of photosystems
I and II [4,5], as well as in embryogenesis in the higher plant Ara-
bidopsis thaliana [6].
MGDG biosynthesis differs between cyanobacteria and plant
chloroplasts even though their thylakoid membrane lipid composi-
tions are indistinguishable. In higher plants, MGDG is synthesized
by MGDG synthase, which transfers galactose from UDP-galactose
to diacylglycerol (DAG) [1,7–11]. In cyanobacteria, monoglucosyl-
diacylglycerol (MGlcDG) synthase ﬁrst produces MGlcDG that is
then rapidly converted to MGDG by an unidentiﬁed sugar epimer-
ase [12–16]. Indeed, MGlcDG levels in cyanobacteria are less thanchemical Societies. Published by E
rol; MGDG, monogalactosyl-
al Resources and Informatics,
o, Midori-ku, Yokohama 226-
ojima).1% of the total membrane lipids under normal growth conditions
[17].
Recently, comparative genomic analysis between cyanobacteria
and plants showed that MGlcDG synthase is encoded by the gene
sll1377 in Synechocystis sp. strain PCC 6803 [18]. Notably, heat-
stressed Synechocystis sp. PCC 6803 has increased levels of
MGlcDG, but the mechanism underlying this response remains un-
clear [19]. To study this mechanism, we analyzed MGlcDG synthe-
sis in Synechocystis and found that MGlcDG synthase activity
increases during heat shock and that activation of this enzyme is
post-translationally regulated.
2. Materials and methods
2.1. Growth of Synechocystis sp. PCC6803
Synechocystis sp. PCC 6803 were grown photoautotrophically at
30 C in BG-11 medium supplemented with 5 mM glucose as de-
scribed [20]. The growth was monitored by optical density
(730 nm). Heat shock was performed at 42 C for 3 h when the
optical density of the culture reached 0.5.
2.2. Sll1377 expression in Escherichia coli
A full-length sll1377 open reading frame ampliﬁed by PCR using
LA-Taq DNA polymerase (TaKaRa) and speciﬁc primers (Table 1)lsevier B.V. All rights reserved.
Table 1
PCR primers used in this study.
Primer name Sequence (50–30)
Sll1377/pET24a_Fw GGAATTCGTGCCCCAATTTCCGTGGAAAG
Sll1377/pET24a_Rv CGCTCGAGACTTTGTTTCAGCTCAAGGGCAT
Sll1377_D147Q/pET24a_Fw TTTGGATTGTGGACCAAAACAGCACTGACCG
Sll1377_D147Q/pET24a_Rv CGTTGGCGTATTTGCGGCCGATGCCAATGT
Sll1377_D200A/pET24a_Fw CCTTTGGCACCAACAAAATCGCTGGGCGGA
Sll1377_D200A/pET24a_Rv GGCACCAACGTAATGCCTGGGCGGAAGGCG
Sll1377_R329Q/pET24a_Fw CGGTCAGTGCTGTTTTGGTCCACAATCCAAA
Sll1377_R329Q/pET24a_Rv ACATTGGCATCGGCCGCAAATACGCCAACG
Sll1377_R331A/pET24a_Fw TCCGCCCAGCGATTTTGTTGGTGCCAAAGG
Sll1377_R331A/pET24a_Rv CGCCTTCCGCCAGGCATTACGTTGGTGCC
M. Shimojima et al. / FEBS Letters 583 (2009) 2372–2376 2373was cloned into the expression vector pET24b(+) (Novagen). This
Sll1377 expression vector (pET-sll1377) was transformed into
E. coli BL21(DE3) (Novagen) that were cultured to an optical den-
sity (600 nm) of 0.5, after which Sll1377 expression was induced
by the addition of 0.5 mM isopropyl b-D-thiogalactopyranoside,
and the culture was further incubated for 3 h at 37 C.2.3. Preparation of an antibody against Sll1377 and Western blotting
A 978-bp fragment of EaeI/XhoI of pET-sll1377 was ligated
into NotI/XhoI-digested pET24b(+) to express the C-terminal
326 residues of Sll1377 in E. coli BL21(DE3). Cells were lysed,
and the supernatant was puriﬁed with Ni2+-nitrilotriacetic acid
matrix (Qiagen). The puriﬁed Sll1377 fragment (1.5 mg) was used
to raise a polyclonal antibody in rabbits (Japan-Lamb Co. Ltd.,
Japan).
For Western blotting, proteins were separated by 12.5% SDS–
PAGE and transferred to a PROTORAN nitrocellulose membrane
(Schleicher & Schuell). Sll1377 was detected with the antibody (di-
luted 1:2000) using an alkaline phosphatase-coupled secondary
antibody.MGlcDG
MGDG
DGDG
SQDG
PG
1 2 3 4
Fig. 1. Thin-layer chromatography analysis of total lipids from Synechocystis cells.
14C-labeled MGDG (lane 1) and MGlcDG (lane 2) were produced in a reaction using
recombinant Cucumis sativus MGDG synthase and Sll1377 expressed in E. coli,
respectively. Total lipids were extracted from Synechocystis cells after growth at
30 C (lane 3) or 42 C (lane 4) for 3 h (500 lg lipids/lane). MGlcDG, monogluco-
syldiacylglycerol; MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacyl-
glycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol.2.4. Fractionation of Synechocystis and E. coli cells
Synechocystis cells or E. coli cells were collected at 5000g for
5 min (HITACHI himac CR20B3), washed with Buffer A (50 mM
TES–KOH, pH 7.0, 25 mM MgCl2), and disrupted in an aliquot of
Buffer A using sonication (output 3, duty 60, ﬂash 10, six sets for
Synechocystis, three sets for E. coli; Ultrasonic Disruptor UD-201;
TOMY). The suspension was designated the crude extract and
was further fractionated to insoluble (membrane) and soluble frac-
tions by ultracentrifugation at 60 000 rpm using rotor TA100.3 for
30 min at 4 C (Beckman Optima TL). The membrane fraction was
suspended in an aliquot of Buffer A for further use.
2.5. Lipid extraction and TLC analysis
Lipids were extracted from intact Synechocystis or E. coli cells as
described [21], and a 0.5-mg aliquot was separated by thin-layer
chromatography (TLC) using the following solvent system: chloro-
form:hexane:tetrahydrofuran:isopropanol:H2O, 25:50:0.5:40:1
[22]. The separated lipids were visualized under UV light after
spraying the TLC plate with 0.001% primline in 80% acetone.
2.6. Measuring MGlcDG synthase activity
The assay conditions have been described [18]. The lipid prod-
ucts were extracted and separated by TLC as above, and radiola-
beled products were analyzed using an Image Analyzer (Storm,
GE Healthcare Life Sciences).2.7. Site-directed mutagenesis of Sll1377
The expression vectors encoding histidine-tagged Sll1377 and
its mutants D147Q, D200A, R329Q, and R331A were generated
by PCR using the method of Ho et al. [23] with the primers listed
in Table 1.
3. Results
3.1. MGlcDG and MGlcDG synthase activity increases after heat shock
in Synechocystis
We ﬁrst demonstrated that the heat-induced accumulation of
MGlcDG reported by Balogi et al. [19] in Synechocystis was repro-
ducible under our experimental conditions. Synechocystis in the
exponential growth phase were kept at 30 C (normal/control
growth conditions) or transferred to 42 C (heat shock) for an addi-
tional 3 h. The MGlcDG level increased in heat-shocked cells com-
pared with control cells (Fig. 1). We then measured MGlcDG
synthase activity in crude extract from control and heat-shocked
Synechocystis cells (Fig. 2A). We normalized the activity by O.D.
for comparison with the data in Fig. 3. Activity per O.D. was equiv-
alent to that per lg of total protein in this condition because we
obtained a similar result of Western blotting (data not shown).
The activity measured at 30 C did not differ between control and
heat-shocked cells. However, activity assayed at 42 C was higher
than that assayed at 30 C for both the non-heat-shocked and
heat-shocked cells, indicating that MGlcDG synthase activity was
largely affected by reaction temperature but not by heat shock dur-
ing growth. Activity assayed at 42 C for heat-shocked cells was
slightly higher than that for non-heat-shocked cells. It could be
due to the continuous effect of the previous heat-shock activation,
but more experiments will be needed.
We measured Sll1377 levels in the Synechocystis cells using
Western blotting with Sll1377 antibody; the Sll1377 level did not
change as a result of heat shock (Fig. 2B). Therefore, the relatively
high activity of MGlcDG synthase observed at a reaction tempera-
ture of 42 C was not caused by a transcriptional or translational
increase in Sll1377 level during heat shock.
3.2. Synechocystis Sll1377 activity is found primarily in the membrane
and increases with temperature
The MGlcDG synthase activity in crude extracts of Synechocystis
was enriched in the membrane fraction (Fig. 3). Almost no activity
was observed in the soluble fraction, in agreement with a previous
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Fig. 2. Effect of growth temperature and enzyme reaction temperature on MGlcDG
synthase activity in crude extract from Synechocystis. (A) MGlcDG synthase activity
of the crude extract from Synechocystis. Cultures in exponential growth phase were
transferred to 30 C (white bars) or 42 C (black bars) for 3 h. The data represent the
mean ± S.D. of three replicate samples. (B) Western blot analysis of Sll1377 in crude
extracts Synechocystis cells.
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Fig. 3. MGlcDG synthase activity in soluble and membrane fractions from
Synechocystis cells. MGlcDG synthase activity was measured at 30 C (white bars)
or 42 C (black bars). The data represent the mean ± S.D. of three replicate samples.
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Fig. 4. MGlcDG synthase activity of recombinant Sll1377 expressed in E. coli.
Soluble and membrane fractions from E. coli expressing Sll1377 were subjected to
(A) Western blot analysis for Sll1377 and (B) thin-layer chromatography analysis of
the reaction product. (C) MGlcDG synthase activity of the membrane fraction from
E. coli. The reactions were performed at 30 C (white bar) or 42 C (black bar). The
data represent the mean ± S.D. of three replicate samples.
2374 M. Shimojima et al. / FEBS Letters 583 (2009) 2372–2376report [18]. In the membrane fraction, MGlcDG synthase activity
measured at 42 C was 44% higher than that measured at 30 C.
These data suggest that soluble cellular components do not sub-
stantially contribute to heat-shock activation of Sll1377.
3.3. Recombinant Sll1377 activity expressed in E. coli is also found
primarily in the membrane and increases with temperature
Experiments similar to those performed in Fig. 3 were per-
formed using recombinant Sll1377 expressed in E. coli. Sll1377 pro-
tein (Fig. 4A) and activity (Fig. 4B) were found almost exclusively in
the membrane fraction. We then measured the activity of recombi-
nant Sll1377 at 30 and 42 C in the membrane fraction and ob-
served that the activity assayed at 42 C was 57% higher than
that assayed at 30 C (Fig. 4C), suggesting that a mechanism com-
mon to the membranes of Synechocystis and E. coli upregulates
Sll1377 activity at higher temperature.3.4. Effects of Sll1377 point mutations on its activity
Sll1377 belongs to the GT-2 glycosyltransferase family and con-
tains four motifs conserved among these glycosyltransferases
([18], Fig. 5A). Residues D147 and D200 are in the nucleotide-bind-
ing motif, and R329 and R331 are in an acceptor-binding motif.
Based on this information, we produced four separate Sll1377 mu-
tants: D147Q, D200A, R329Q, and R331A (Fig. 5A). Crude extracts
from cells expressing each of these mutants were used to measure
MGlcDG synthase activity. When assayed at 30 C, cells expressing
D147Q, D200A, and R331A had almost no activity, whereas cells
expressing R329Q retained some activity (Fig. 5C, white bars). Sim-
ilar results were obtained even when the assay was performed at
42 C (Fig. 5C, black bars). The levels of Sll1377 that were ex-
pressed were similar among the various extracts (Fig. 5D). These
data demonstrate that D147, D200, R329, and R331 are essential
for Sll1377 activity both at normal growth temperature and at
42 C.
4. Discussion
Our data suggest that the increased activity of membrane-local-
ized Sll1377 is not related to intracellular changes, such as in-
creases in heat-shock protein levels during heat shock of the
cells, or any covalent modiﬁcations of Sll1377 made by soluble en-
zymes. Fig. 5C shows that the mutant R329Q retained some activ-
ity at 30 C, but the activity was not increased at 42 C. Because
R329 lies in the possible DAG-binding site (Fig. 5A), it is possible
that temperature-dependent increase of Sll1377 activity is related
to a change in the afﬁnity for DAG.
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Fig. 5. MGlcDG synthase activities of wild-type and mutant forms of Sll1377. (A)
Schematic representation of the domain structure of Sll1377 and the mutated
residues. TMs, transmembrane domains. (B) MGlcDG synthase activity of wild-type
Sll1377 and each of the four mutants. An empty vector pET24a was used as a
negative control. White bars, reaction at 30 C; black bars, reaction at 42 C. (C) Data
from (B) presented using a different ordinate scale. (D) Western blotting of Sll1377
and the four mutants using total protein from crude extracts (30 lg/lane).
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induced lipid that may stabilize membranes during heat shock by
interacting with the heat-shock protein Hsp17. Heat-shock pro-
tein levels in cells are altered by response to high temperature
and other stresses. It is proposed that membrane microhetero-
geneity is important for regulating the heat-shock protein re-
sponse because heat-shock proteins can associate with either
speciﬁc lipids or with areas of special membrane topology [24].
In this context, Sll1377 could be a heat-sensing protein playing
a key role in regulating cell signaling at high temperature. The
direct activation of Sll1377 at elevated temperature may be a
quicker activation response than transcriptional/translational
upregulation or covalent modiﬁcation. Taken together, our results
and those of Balogi et al. [19] suggest that elevated temperature
ﬁrst quickly activates Sll1377, which is followed by an increased
level of MGlcDG that stabilizes cell membranes via binding to
Hsp17, thereby promoting cell survival [25–27]. Another possible
role of the temperature-dependent increase in MGlcDG could be
to change the fatty acid composition of the membrane. MGlcDG
contains highly saturated fatty acids ([19], and our unpublished
data), which may contribute to membrane stabilization. Further-
more, considering that MGlcDG synthase is expressed only in
cyanobacteria and not in plant chloroplasts, the enzyme may
have an important role for cyanobacterial survival at relatively
high temperatures. Indeed, temperature-dependent hyper-activa-
tion also has been observed in the membrane fraction of another
cyanobacterium, Anabaena variabilis [15]. Further in vivo analyses
such as the effect of the point mutations in Sll1377 on growth
after heat shock will be required because obtaining a non-lethal
knockout mutant of Sll1377 in Synechocystis has not been
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